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In the present study, a SiO2/water nanofluid with a mass fraction of 1% was employed as a
coolant, and its the effect on the performance of a symmetric, square flat-plate solar
collector was experimentally investigated. The experiments were performed under the
ASHRAE standard without any surfactants. The effect of the nanofluid on the collector
efficiency was examined with respect to the solar radiation, mass flow rate, and tem-
perature variation. The results indicate that compared with pure water, the SiO2/water
nanofluid enhanced the thermal efficiency and temperature performance. Moreover, the
collector was more efficient with the nanofluid than with water owing to the solar ra-
diation and mass flow rate.
& Published by Elsevier Ltd.1. Introduction
Solar energy is one the most popular renewable energy sources that can be used in a thermal or photovoltaic system.
Solar collectors play a key role in solar thermal systems. They convert solar radiation into heat and transfer the heat to
working fluids such as water or air. Flat-plate collectors are the most common type of solar collector and are typically used
as a water heater or air heater. These collectors have a low efficiency and low outlet temperature [1-8]. Recently, many
researchers have attempted to enhance the efficiency and performance of flat-plate collectors via different methods. One of
the methods for improving the performance of flat-plate collectors involves using nanofluids instead of common fluids in
solar collectors [9-13]. Nanofluids are suspensions comprising base fluids such as water and nanoparticles 1–100 nm in size.
These types of working fluids have more thermal properties than their base fluids. Numerous studies have been performed
across the world concerning the use of nanofluids in solar thermal systems. Otanicar et al. [14] and Otanicar and Golden [15]
studied the environmental, economic, and thermal influence of using nanofluids to enhance the efficiency of solar collectors.
In one of the first experimental studies on using nanofluids in solar collectors, Yousefi et al. [16] tested Al2O3/water as a
coolant in a flat-plate collector. They showed that the nanofluid increased both the outlet temperature and the efficiency of
collector. Later, Yousefi et al. [17] studied the effect of the pH of a multi-walled carbon nanotube/water nanofluid, revealing
the optimal pH to maximize the efficiency of the collector. Lu et al. [18] investigated the thermal performance of an open
thermosyphon for high-temperature evacuated tubular solar collectors employing deionized water and water-based CuO
nanofluids as coolants. They showed that the nanofluids enhanced the collector performance and increased the evaporating
heat-transfer coefficients by 30%.ghrehabadi), hajidae@scu.ac.ir (E. Hajidavaloo), moravej60@gmail.com (M. Moravej).
Nomenclature
Ac Surface area of solar collector (m2)
Cp Heat capacity (J/Kg K)
DT Difference between inlet and outlet tempera-
tures (°C)
FR Heat-removal factor
GT Global solar radiation (W/m
2)
ṁ Mass flow rate (kg/s)
Qu Rate of useful energy gained (W)
ηS Uncertainty of efficiency (%)
Ta Ambient temperature (K)
Ti Inlet fluid temperature of solar collector (K)
To Outlet fluid temperature of solar collector (K)
TO i, Collector outlet initial coolant temperature (K)
τTO, Collector outlet coolant temperature after
time t (K)
UL Overall loss coefficient of solar collector (W/
m2 K)
Greek symbols
τα Absorption-transmittance product
ηi Instantaneous collector efficiency
τ Time constant of conical collector
A. Noghrehabadi et al. / Case Studies in Thermal Engineering 8 (2016) 378–386 379In recent years, researchers have studied the use of various nanofluids in solar collectors. Mahian et al. [19] evaluated the
performance of a minichannel-based solar collector with four different nanofluids: Al2O3/water, TiO2/water, SiO2/water, and
Cu/water. They showed that Cu/water was the best nanofluid, providing the highest outlet-temperature and lowest entropy.
Nasrin and Alim [20]. numerically investigated the natural convection of Ag/water and Cu/water nanofluids for use in a solar
collector. They reported that these nanofluids increased the efficiency of the collector.
Goudarzi et al. [21] experimentally investigated the effect of a CuO/water nanofluid on the thermal efficiency of a cy-
lindrical solar collector. They proved that this nanofluid can significantly enhance the efficiency of the collector. Shojaei-
zadeh et al. [22] examined the exergy efficiency and performed an optimization analysis for an Al2O3/water nanofluid in a
flat-plate solar collector. They indicated the effective parameter for the exergy and optimized the mass flow rate and inlet
fluid temperature. Gupta et al. [23] examined the effects of a low-temperature Al2O3/water nanofluid on the direct ab-
sorption of a solar collector. They showed that using this nanofluid as a coolant improves the optical and thermophysical
properties, increasing the collector efficiency.
In light of the aforementioned findings, the purpose of the present study is to experimentally investigate the effect of one
of the stable nanofluids on the efficiency of a symmetric collector. Water and a SiO2/water nanofluid with a mass fraction of
1% are tested as coolants in a flat-plate collector. The collector is a symmetric plate collector with identical sides, called the
square flat-plate solar collector. The thermal performance and efficiency of the square flat-plate solar collector are
examined.2. Materials and methods
2.1. Experimental setup
A schematic of the experimental setup is shown in Fig. 1. The setup consists of a square flat-plate collector, piping, a
pump, a nanofluid storage tank, and measurement instruments.
The square flat-plate collector was constructed by the authors, who are researchers at Shahid Chamran University of
Ahvaz. The specifications of the collector are shown in Table 1. The solar collector was experimentally investigated at Shahid
Chamran University of Ahvaz, Iran (latitude 31° 19′16″N, longitude 48° 40′16″E). A picture of the solar-collector setup is
shown in Fig. 2. The collector was tested with a tilt angle of 45°.
To measure the thermal efficiency of the collector, two K-type thermocouples were placed at the inlet and outlet of the
collector, and one K thermocouple was used to log the ambient temperature. The thermocouples were connected to two
data loggers (ktt310-kimo data logger). A diaphragm pump (Soft Water Pump Company) with a maximum mass flow rate of
3 Lit/min was employed for circulating the working fluid, i.e., the water or nanofluid, inside the system. The solar radiation
was measured using a solar meter (TES-132) (Fig. 3).2.2. Preparation of the nanofluid
The SiO2/water nanofluid was prepared through a two-step method; the nanoparticles were produced first, and then the
nanofluid was provided. SiO2 nanoparticles (EVOTIK Industries) with 99.99% purity and an average diameter of 12 nm
were employed. Fig. 4 shows transmission electron microscopy (TEM) images of the nanoparticles, which were suspended
in water as a base fluid. The appropriate amount of nanoparticles was blended with fresh water in a vertical mixer, without
any surfactants.
Later, a homogenizer device produced a homogenous suspension of nanoparticles and water. The suspension was
Fig. 1. Schematic of the experiment.
Table 1
Specifications of the square flat-plate collector.
Specifications Square collector Unit
Dimensions of frame 107107 (diagonal)15 cm
Absorber area 1.0 m2
Cover (flat glass) t¼6 mm
Absorber thickness 1.5 mm
Frame (aluminum) – –
Piping D¼6.2, t¼1.1 mm
Weight 31.3 Kg
Insulation (polystyrene and
wood)
t¼20 mm
Solar absorption 89.1% –
Fig. 2. Setup of the square flat-plate collector.
A. Noghrehabadi et al. / Case Studies in Thermal Engineering 8 (2016) 378–386380inserted in an ultrasonic bath for 60 min to prepare a nanofluid with minimal aggregation of nanoparticles and improve
the dispersion behavior. The aforementioned preparation process was conducted in the Nanofluid Lab of Ahvaz Shahid
Chamran University.
Fig. 3. Nanofluid preparation.
Fig. 4. TEM images of SiO2 nanoparticles.
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To test the thermal performance of the collector, we employed ASHRAE Standard 93-86 [24], which is one of the most
commonly used standards for evaluating the performance of stationary solar collectors. The thermal performance of the
solar collector was determined by obtaining the instantaneous efficiency for different combinations of the incident radia-
tion, ambient temperature, and inlet fluid temperature. This required experimental measurements of the rate of incident
solar radiation and the rate of energy conversion, as well as the working fluid passing through the collector, under steady-
state or quasi-steady-state conditions [4].
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One of the specifications of the collector is the time constant, which indicates the heat capacity of the collector. This
parameter introduces the time reaction of the solar collector, enabling the evaluation of the transient behavior of the
collector. The time constant of a collector is the time needed for the coolant leaving the collector to reach 63% of its final
steady-state value after a step change in the incident radiation [17,25]. Eq. (1) is used to calculate the time constant.
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Here, τTO, is the outlet coolant temperature of the collector after time t, TO i, is the outlet initial coolant temperature of the
collector, and Ti is the inlet temperature of the collector.3.2. Time attempt
According to ASHRAE Standard 93-86 [24], the steady state should be prepared during the data period and a specific time
interval prior to the data period, which is called the pre-data period. To reach steady-state conditions, the mass flow rate
and irradiation must be within 71% and 750 W/m2, respectively. Furthermore, the outdoor ambient temperature must not
exceed 71.5 K, and the inlet temperature must be within 70.1 K for the entire test period.3.3. Governing equation
ASHRAE Standard 93-86 [24] suggests performing the tests at various inlet temperatures. After the steady-state con-
ditions were reached, the data for each test were averaged and used in the analysis as a single point, while the other data
were rejected. As the inlet and outlet fluid temperatures and the mass flow rate of the water were measured, the useful
energy was calculated using Eq. (2). The useful energy was also expressed in terms of the energy absorbed by the absorber
and the energy lost from the absorber, as shown in Eq. (3).
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Here, Qu is the rate of useful energy gain (W); ṁ is the mass flow rate (kg/s); Cp is the heat capacity of the coolant, i.e.,
water or nanofluid (J/kg K); To is the outlet fluid temperature of the solar collector (K); Ac is the surface area of the solar
collector (m2); FR is the heat-removal factor; (τα) is the absorption-transmittance product; GT is the global solar radiation
(W/m2); UL is the overall loss coefficient of the solar collector (W/m2 K); and Ti and Ta are the inlet fluid temperature of the
solar collector (K) and the ambient temperature (K), respectively.
The heat capacity of the nanofluid is determined by Eq. (4) [23,26,27]:
φ φ= ( ) + ( − ) ( )C C C 1 , 4p nf p np p bf, , ,
where Cp np, is the heat capacity of the nanoparticles (for SiO2 is 765 J/kg K), φ is the volume fraction of the nanoparticles, and
Cp bf, is the heat capacity of water as a base fluid (4180 J/kg K) [28].
The instantaneous collector efficiency is calculated according to the relation between the useful energy gained and the
incident solar energy, using Eqs. (5) and (6).
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If the collector is tested under near-normal incident conditions, F UR L and ( τα)FR are constant for the range of temperatures
tested. According to Eq. (6), plotting the efficiency values obtained from the averaged data against (Ti–Ta)/GT yields a straight
line. The intersection of this line with the vertical axis is ( τα)FR . This point indicates the maximum value of the efficiency
occurring when the inlet fluid temperature of the collector equals the ambient temperature. The slope of the line is F UR L ,
indicating the energy loss from the solar collector. The intersection of the line with the horizontal axis is called the stag-
nation point. At this point, the efficiency of the collector is zero; i.e., no fluid flows via the collector.
Table 2
Uncertainty results for the measurements.
Parameter Uncertainty (%)
Volumetric flow rate 71.6
Solar radiation 76.5
Difference between inlet and outlet temperatures 71.2
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According to the ASME guidelines, there are no absolute measurements, and every experimental measurement has
errors. The following are typical sources of error: calibration errors, data-recording errors, and unsuitable instruments. The
uncertainty of the experimental results was calculated according to the ASME guidelines on reporting uncertainties in
experimental measurements on the basis of the deviation in the experimental parameters [23,29]. Errors in the flow-rate
measurement, temperature measurement, and solar-radiation measurement are the main components of the uncertainty in
the collector efficiency. The uncertainty results of the measurements including all the sources of error are shown in Table 2.
The combined uncertainty for calculating the collector efficiency, ηS , was determined by the root sum squared method,
using Eq. (5). This analysis is shown in Eq. (7). The errors in Cp and Ac were assumed to be negligible.
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In the calculation of the collector efficiency, the maximum uncertainty was 6.8% according to several tests.4. Results and discussion
The experimental results consist of the performance, the temperature variation, and the mass flow rate in a square flat-
plate solar collector using pure water and a SiO2/water nanofluid. All the data were obtained under a quasi-steady-state
condition, and the collector tilt angle was 45°. The tests on the collector were administered for many days from 8 a.m. to 5 p.m.
in the spring of 2015, and data were logged every 15 min. The experimental results are presented in graphs and equations
describing the collector efficiency and temperatures.4.1. Effect of the incident solar radiation
As previously mentioned, the experiments were performed for many days, and the data collected on the days when the
sky was clear were studied. The following chart is similar to those reported in previous studies [30]. Fig. 5 shows the solar
radiation on one of the test days when the radiation was suitable and normal.
Fig. 6 illustrates the effect of the incident solar radiation on the square flat-plate solar collector. Clearly, the efficiency of
the collector was not sensitive to the incident solar radiation when the collector used water as a coolant. On the other hand,
the effect of the incident radiation was apparent when the nanofluid was used as a coolant. This behavior can be explainedFig. 5. Experimental data for the solar radiation on the test day.
Fig. 6. Influence of the incident solar radiation on the collector efficiency when a SiO2/water nanofluid and water were used as coolants.
A. Noghrehabadi et al. / Case Studies in Thermal Engineering 8 (2016) 378–386384by the properties of nanofluids, such as Brownian motion, whereby an increase in the receivable energy in a nanofluid
causes the heat-transfer ability to increase [31-33].4.2. Efficiency comparison between the water and nanofluid
Fig. 7 shows the efficiency of the square flat-plate solar collector for two working fluids: pure water and the SiO2/water
nanofluid. As shown, the collector efficiency was similar for both coolants. Although the SiO2/water nanofluid was more
efficient than pure water, the difference was not large. One of the main reasons for this is that the thermal conductivity of
SiO2 is not significantly larger than that of water [28,31-33]. The values of FRUL and FR (τα) for the square flat-plate collector
with water and the nanofluid are shown in Table 3.4.3. Effect of the flow rate
The influence of the mass flow rate of the working fluid on the efficiency of the square flat-plate solar collector was
examined. Both water and the SiO2/water nanofluid were tested for different mass flow rates to evaluate their influence. To
control the flow rate of the working fluid, a regulating valve was used.
The range of the flow rate was 0.35–2.8 Lit/min. To discover the influence of the flow rates on the collector efficiency,
several tests were administered, and the best experimental data were selected. The efficiency variation versus the flow rates
for water and the SiO2/water nanofluid, with a mass fraction of 1%, are presented in Fig. 8. According to the Fig., the
efficiency of the collector increased when the flow rate increased for both coolants, i.e., water and the SiO2/water nanofluid.
This trend show that by increasing the Reynolds number the efficiency is increased. Also, heat transfer increases due toFig. 7. Efficiency versus (Ti–Ta)/GT curve at a flow rate of 1.4 Lit/min with the SiO2/water nanofluid and water.
Table 3
FRUL and FR (τα) of the square flat-plate collector for water and the nanofluid.
Volumetric flow rate (L/s) Coolant FRUL FR (τα) R2
1.4 Water 9.51 0.57 0.989
1.4 Nanofluid 8.08 0.592 0.986
Fig. 8. Efficiency of the square flat-plate collector with the SiO2/water nanofluid and pure water for various flow rates.
A. Noghrehabadi et al. / Case Studies in Thermal Engineering 8 (2016) 378–386 385increasing in Reynolds number which agrees with the experimental work of Cristofari et al. [34] and Do Ango et al. [30],
who studied the influence of the mass flow rate on a flat-plate collector. Fig. 8 shows that the efficiency was increased to a
greater extent by the nanofluid than by pure water. The explanation of this trend is that the mean velocity and Reynolds
number of coolant increased when the flow rate increased, so the rate of motion, specially brownian motion and turbulence
of the particles in the nanofluid, increase in proportion to the velocity and flow rate of the nanofluid. Compared to when
water is used, the movement of the nanoparticles in the nanofluid, lead to greater heat transfer and the subsequent dra-
matic increase in the system efficiency [35–37].
Fig. 9 shows the difference between the inlet and outlet temperatures (DT) with the increasing mass flow rate. When the
flow rate increased, DT decreased. At a low flow rate, the behaviors of pure water and the SiO2/water nanofluid were similar;
however, at a higher flow rate, the slope of the DT line for the nanofluid was smaller than that for pure water. Accordingly,
the collector with the SiO2/water nanofluid had better thermal behavior.5. Conclusion
We experimentally investigated the performance of a symmetric square flat-plate solar collector employing water and a
SiO2/water nanofluid with a mass fraction of 1% as working fluids, without surfactants. The experiments were performed
according to ASHRAE Standard 93-86 at different flow rates between 0.35 and 2.8 Lit/min. The findings of the study are
summarized as follows.Fig. 9. Comparison of difference between inlet and outlet temperatures versus flow rate.
A. Noghrehabadi et al. / Case Studies in Thermal Engineering 8 (2016) 378–386386 The SiO2/water nanofluid increased the efficiency of the square flat-plate solar collector compared with pure water.
 When the incident solar radiation increased, the efficiency of the collector with water as a coolant had no apparent effect.
However, for the nanofluid, the efficiency of the collector was increased with a very low slope by increasing the incident
solar radiation.
 The efficiency of the square flat-plate solar collector was increased by increasing the mass flow rate. This behavior was
similar for both water and the SiO2/water nanofluid; nevertheless, the nanofluid was more efficient than pure water at
higher values of the flow rate.
 When the mass flow rate increased, the difference between the inlet and outlet temperatures (DT) decreased. The de-
creasing trend of DT for the nanofluid was lower than that for pure water.References
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